An analytical drilling model of drag bits for evaluation of rock strength  by Li, Zhantao & Itakura, Ken-ichi
The Japanese Geotechnical Society
Soils and Foundations
Soils and Foundations 2012;52(2):216–2270038-0
hosting
Peer re
doi:10.
nCor
E-m
itakura806 & 201
by Elsev
view und
1016/j.san
Pr
respondin
ail addre
@mmm.www.sciencedirect.com
journal homepage: www.elsevier.com/locate/sandfAn analytical drilling model of drag bits for evaluation of rock strength
Zhantao Lia,b, Ken-ichi Itakurab,n
aNingbo University of Technology, Ningbo, China
bMuroran Institute of Technology, Muroran, Japan
Available online 29 March 2012Abstract
To evaluate the unconﬁned compressive strength (UCS) of rocks from drilling data is a promising in-situ method and has been studied
by many researchers. In most studies, experimental methods have been used to determine the relationship between UCS and drilling
data. In this paper, an analytical model is proposed to describe rock drilling processes using drag bits and rotary drills, and to deduce
the relations among rock properties, bit shapes, and drilling parameters (rotary speed, thrust, torque, and stroke). In this model, a
drilling process is divided into cycles, each of which includes two motions: feeding and cutting. Feeding is treated as an indentation
motion. There is a linear relation between indentation pressure (thrust) and the indentation depth (penetration rate). The cutting forces
and friction forces of both the rake surface and the ﬂank surface are examined. Also, a virtual base is set to the model to simulate the
contact surface between the ﬂank surface of the bit and the rock.
According to this model, drilling torque consists of four parts respectively generated from cutting, friction, feeding, and idle running.
Torque caused by friction and idle running is ineffective for drilling, whereas that caused by cutting and indentation is effective. Similar
to torque, speciﬁc energy also has four parts respectively from cutting, friction, feeding, and idle running. For the purposes of this study,
effective speciﬁc energy is deﬁned as the sum of speciﬁc energy consumed by cutting and feeding. Effective speciﬁc energy is independent
of the penetration rate. Since it is proportional to the UCS of the rocks, it is not inﬂuenced by the penetration rate, and is more useful in
the evaluation of UCS than other parameters. Some laboratory and ﬁeld tests were conducted, and the results veriﬁed the usefulness and
effectiveness of the proposed model.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The unconﬁned compressive strength (UCS) of rocks is
important in the design and construction of tunnels and2 The Japanese Geotechnical Society. Production and
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muroran-it.ac.jp (K. Itakura).coal mines. The measurement of UCS is a costly and time-
consuming task, because high-accuracy rock specimens are
required. Therefore, some in-situ methods to evaluate UCS
have been proposed in recent years. One of these methods
is to evaluate UCS from drilling data using a measure-
ment-while-drilling system (MWD). For this evaluation
task, it is necessary to conclude the relationship between
the UCS and the drilling data. Up to now, most studies
have used experimental methods to conclude empirical
equations. Typically, UCS tests for rock specimens are
performed in the laboratory and drilling data are recorded
and calculated. Then a regression analysis is used to
correlate the UCS with the drilling data (for example:
Teale, 1965; Hoberock and Bratcher, 1996; Finﬁnger et al.,
2000; Kahraman et al., 2003). Rather than a regression
analysis, other studies have used neural networks to
conclude the relations (for example: Utt, 1999; LaBelle
Notations and abbreviations
fj friction angle between the bit and rock (1)
fi angle of the internal friction of the rock (1)
b blade angle of the bit (1)
c angle between the free plane and the failure
plane (1)
P total circumferential force when drilling
(N/unit width)
F thrust when drilling (N/unit width)
F1 cutting force on the rake surface of the bit
(N/unit width)
P1 main cutting force on the rake surface of the bit
(N/unit width)
Q1 back cutting force on the rake surface of the bit
(N/unit width)
Pc main component of the total cutting force
(N/unit width)
Qc back components of the total cutting force
(N/unit width)
F2 cutting force on the ﬂank surface of the bit
(N/unit width)
P2 main cutting force on the ﬂank surface of the
bit (N/unit width)
Q2 back cutting force on the ﬂank surface of the
bit (N/unit width)
Qf load for indentation (N/unit width)
Pf friction force resulting from the indentation of
the bit (N/unit width)
T total torque when drilling (N m)
Te effective torque when drilling (N m)
Ti torque generated from the idle running of a
drill (N m)
Es speciﬁc energy when drilling (MJ/m3)
Ees effective speciﬁc energy (MJ/m3)
s normal stress on the failure plane
(Pa/unit width)
t shear stress on the failure plane (Pa/unit width)
z penetration per revolution (mm)
b contact length of the virtual base (mm)
s step length of a drilling cycle (mm)
h indentation depth of a drilling cycle (mm)
r radius of a point at the bit blade (m)
r1 outer radius of the bit (m)
r2 inner radius of the bit (m)
n stress distribution coefﬁcient of the failure
plane
A effective cross-sectional area of the hole (m2)
qu the unconﬁned compressive strength (MPa)
IM indentation modulus (kN/mm)
DN change in load (kN)
Ddi change in indentation (mm)
IS indentation strength (MPa/mm)
DP change in pressure (MPa)
UCS unconﬁned compressive strength (MPa)
MWD measurement while drilling
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2009). However, these experimental methods using either
regression analysis or neural networks have not revealed
the causes of the relationship between UCS and the drilling
data. Therefore, the results of these studies differ consider-
able, and are often contradictory because of the different
experimental methods and conditions employed. A theo-
retical analysis based on rock cutting theories is needed for
a consistent solution.
During the last several decades, the emphasis of rock
cutting theories has changed from analytical models to
numerical models. Despite this, analytical models are
capable of elucidating simple relations among cutting
forces, rock properties, bit shapes, and mechanical para-
meters at acceptable accuracies. Therefore, analytical
models remain important for the study of cutting processes
overall.
Many analytical models for rock cutting have been
proposed. Evans (1962) developed a fundamental theory
of coal plowing. According to this model, the failure in the
direction of the wedge tip is fundamentally attributable
tensile forces, and the cutting forces of a wedge-shaped tool
penetrating rocks were investigated. Nishimatsu (1972)
proposed a rock cutting model similar to Merchant’s
(1945) metal cutting model. In Nishimatsu’s model, brittlefailure is induced as a result of shear forces. Roxborough
and Philips (1975) developed a cutting model for disk
cutters. Nakajima and Kinoshita (1979) presented a rock
cutting model in which crack propagation is the failure
mode. Goktan (1997) improved Evans’s cutting theory for
conical bits. Detournay and Defourny (1992) and
Detournay et al. (2008) put forward a cutting theory for
drag bits and deduced a linear relationship among thrust,
torque and the penetration rate.
Among these theories, those developed by Evans and
Nishimatsu are the most comprehensive and accepted (for
example, Deketh, 1995; Rojek, 2007; Su and Akcin, 2009;
Okubo et al., 2010). However, Evans’s model is for
penetration rather than a cutting model. Different from
penetrating in Evans’s model, the ﬂank angle of the tool in
Nishimatsu’s model is a plus one, just like a lathe tool for
metal cutting. Therefore, it can be used to analyze cutting
processes by drag bits. Moreover, comparing with other
cutting theories, Nishimatsu’s model provided simpler
relations between cutting forces and rock strength. In this
study, Nishimatsu’s analytical model of rock cutting was
adopted. To allow for ﬁtting to real cutting conditions, a
virtual base has been added to Nishimatsu’s model. This
also makes it possible to analyze the friction on the ﬂank
surface of the bit.
Z. Li, K. Itakura / Soils and Foundations 52 (2012) 216–227218It must be pointed out that the above studies are focused
on rock cutting rather than drilling. Most researchers
treated the drilling process as only a continuous cutting
process. In fact, a drilling process contains not only
cutting, but also feeding. The latter enables the bit to cut
into a new layer. Although many studies in rock cutting
have been reported, few analytical models have been
developed to describe drilling processes. In this paper, we
propose an analytical model of drag bits for rock drilling.
This model consists of a series of successive cycles, each of
which comprises a cutting motion and a feeding motion.
The feeding motion is in the axial direction of the bit.
It is indispensable for a drill process to cutting into new
layers of the rocks. A feeding motion perhaps involves
indentation, grinding, crushing, and smashing. However,
for a small-type drill, a feeding motion can be regarded
approximately as an indentation. Here, Mateus et al.’s
(2007) theory was used to analyze the cutting forces
involved in the feeding operation.
Based on the proposed rock drilling model, several
equations have been induced to represent the correlations
between the mechanical data and rock properties. Also, a
new in-situ method is suggested to evaluate the UCS from
effective speciﬁc energy. Some laboratory and ﬁeld tests
were conducted, and the results veriﬁed the correctness of
the proposed model and the method for evaluating the
UCS.
2. Drilling model
We proposed an analytical drilling model as presented in
Fig. 1. In this model, the rock is a hollow circular cylinder
which has outer and inner diameters equal to those of the
drag bit. A drilling process consists of successive cycles,
each of which is composed of two motions: cutting and
feeding. Herein, Nishimatsu’s (1972) model is expanded to
analyze rock cutting motions in drilling. Feeding, a
complex operation when drilling, can involve indentation,Bit Feed
Cutting
z
hs
r2
Bit
h
Qf
Pf
b
Fig. 1. Cutting and feed movements of a drill bit.grinding, crushing, and smashing. For small drills, feeding
can be treated approximately as indentation. Herein,
Mateus’s et al. (2007) indentation model is used to analyze
feeding forces while drilling.
2.1. Cutting motions in a drilling process
We analyzed cutting motions in drilling processes based
on Nishimatsu’s rock cutting theory. A model of the
geometric and mechanical conditions during cutting is
presented in Fig. 2. Table 1 presents meanings of the
notations used in Fig. 2 and throughout this paper.
The relation between the axial force Q1 and the circum-
ferential force P1 can be expressed as
Q1
P1
¼ cotðbþfjÞ; ð1Þ
where, b is the blade angle of the bit, fj is the friction angle
between the bit and rock.
For triangular element a1a2a3, the maximum values of
the two stress components on the failure plane (smax and
tmax respectively) can be derived as
smax ¼ ðnþ1Þ
sinc
z
F1 cosðcþbþfjÞ;
tmax ¼ðnþ1Þ
sinc
z
F1 sinðcþbþfjÞ; ð2Þ
where n is the distribution coefﬁcient, c is the angle
between free plane and failure plane, z is the cutting depth
(penetration per revolution), and F1 is the resultant force
on the rake surface of the bit.
In Nishimatsu’s model, the stress condition of failure of
rock is given by an envelope of Mohr’s circle of stress,
which yields the following:
t¼ 1
2
qu
1sinfi
cosfi
þs tanfi: ð3Þ
Therein, s and t are the stress components of the failure
plane, qu denotes the unconﬁned compressive strength of
the rock, and fi is the internal friction angle of the rock.
Inserting Eq. (2) into Eq. (3), the resultant force F1 can
be expressed as shown below
F1 ¼ 1
2ðnþ1Þ
1sinfi
sinc
z
sinðcþbþfiþfjÞ
qu: ð4Þ
In above expression, F1 varies with c. When
dF1
dc
¼ 0; c¼ p
2
 bþfiþfj
2
;
the minimum value of F1 is achieved, Eq. (4) can be written
as presented below
F1 ¼
1
nþ1
1sinfi
1þcosðbþfiþfjÞ
zqu: ð5Þ
Therefore, the horizontal component P1 and the vertical
component Q1 can be given as follows:
P1 ¼ k1pzqu;
Fig. 2. Geometric and mechanical model for rock cutting (Nishimatsu, 1972).
Table 1
Meanings of signs in Fig. 2.
Sign Meaning Sign Meaning
Fj Friction angle between the bit and rock F1 Cutting force
b Blade angle of the bit P1 Main cutting force of F1 (equivalent to machine torque if consider the distance from the axis)
z Penetration per revolution Q1 Back cutting force of F1 (equivalent to thrust)
c Angle between free plane and failure plane s, t Stress components of failure plane
Fig. 3. Modiﬁed Nishimatsu’s model for rock drilling. A contact surface
is added on the bottom of the bit blade. Pc and Qc are the components of
the resultant cutting force.
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Therein, the k1p, k1q coefﬁcients are expressible as
k1p ¼
1
nþ1
ð1sinfiÞsinðbþfjÞ
1þcosðbþfiþfjÞ
;
k1q ¼
1
nþ1
ð1sinfiÞcosðbþfjÞ
1þcosðbþfiþfjÞ
:
However, this model can not be used to analyze the
effects of the wear and friction on the ﬂank surface, since
bit wear is not incorporated in Nishimatsu’s model.
Herein, we attempt to expand and enhance the Nishimatsu
theory to ﬁt actual cutting conditions.
Fig. 3 is the modiﬁed geometrical and mechanical model
for rock cutting. Compared to Fig. 2, a horizontal face is
added to the ﬂank surface. In this paper, we call it a virtual
base. The area of the virtual base represents the degree of
bit wear. Generally, a larger contact area engenders
heavier bit wear and more intense friction around the
blade point.
The static equilibrium in this model is
Pc ¼P1þP2;
Qc ¼Q1þQ2; ð7Þ
where Pc and Qc denote the components of the total
cutting force, P1 and Q1 denote the components of the
cutting force on the rake surface, P2 and Q2 are on the
ﬂank surface.According to Nishimatsu’s theory, a primary crushed
zone exists, which is recompacted and stuck to the blade
point. Furthermore, after forming of the coarse chip, a
secondary crushed zone appears around the blade. Fig. 3
shows the two crushed zones. When considering the
inﬂuence of the secondary crushed zone, Nishimatsu
proposed the following equations:
Pc ¼m1þk1pzqu;
Qc ¼m2þk1qzqu: ð8Þ
Therein, m1 and m2 are the constants representing the
forces generated from the secondary crushed zone.
Fig. 4. Primary and secondary crushed zones in drilling processes. The
primary crushed zone is stuck on the bit blade and treated as a part of the
bit temporarily.
Fig. 5. Mateus et al.’s (2007) indentation model.
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the bit blade and that it is treated as a temporary part of
the bit. The secondary crushed zone is compacted by the
primary crushed zone which acts as an indenter. By using
an indentation model that will be discussed in the next
section (feeding motion), the relation between maximum
indentation force F2 and UCS can be expressed as
F2 ¼ kisqu; ð9Þ
where kis is a coefﬁcient determined by the sizes of the
secondary crushed zone and the shape of the built-up edge.
The components of F2 are
P2 ¼ k2pqu;
Q2 ¼ k2qqu; ð10Þ
where k2p, k2q are coefﬁcients.
Clearly, F2 is the cutting force acting on the blade point
to remove the successive secondary crushed zones. Com-
pared with the resultant force F1 on the rake surface, F2 is
smaller and more constant, even when the cutting depth
changes. For convenience, we treat F2 as acting on the
virtual base; P2 is equivalent to the friction force between
the ﬂank surface and the rock. Inserting Eq. (6) and
Eq. (10) into Eq. (7), the total horizontal component Pc
and the total normal component Qc of the total resultant
cutting force are given as shown below
Pc ¼ k1pzquþk2pqu;
Qc ¼ k1qzquþk2qqu: ð11Þ
Certainly, Eq. (11) is correct only when the cutting depth
is greater than the threshold value, which is h2 in this
report. Eq. (11) resembles Eq. (8), but it underscores the
inﬂuence of UCS on cutting forces.
2.2. Feeding motion
Mateus et al. (2007) used a ﬂat-end indenter to run the
indentation tests depicted in Fig. 5. In these tests, the
indentation speed was about 0.01 mm/s, with a penetrationdepth of 0.3 mm. The displacement and load were
recorded. The indentation modulus was calculated as
IM ¼ DN
Ddi
: ð12Þ
IM is the indentation modulus (kN/mm); DN the change in
load (kN); Ddi the change in indentation (mm).
Meanwhile, the UCS of rock samples was tested. The
linear regression between indentation modulus IM and
UCS was made as the following equation:
qu ¼ km IM; ð13Þ
Km is the coefﬁcient (17.38 MPamm/kN).
This equation shows a proportional relation between
UCS and IM. The unit of IM is kN/mm. We believe that a
parameter with a unit of MPa/mm is more rational to
deﬁne the effect of the indentation by an indenter. In
Mateus’s tests, the ﬂat end of the indenter is a 1-mm-
diameter cylinder. We deﬁne parameter indentation
strength (IS) to describe the resistance of a rock to
indentation
IS ¼ DP
Ddi
; ð14Þ
IS is the indentation strength (MPa/mm); DP the change in
pressure (MPa).
Eq. (13) can be rewritten to represent the relation
between IS and UCS as shown below
qu ¼ kl IS; ð15Þ
kl is the coefﬁcient (0.0546 mm).
Next we apply this equation to the drilling process
presented in Fig. 1. Here, s and h are the step length and
indentation depth of a drilling cycle, and r is the radius of a
point at the bit blade
h¼ z
2pr=s
: ð16Þ
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IS ¼ 2prQf
bzs
: ð17Þ
Therein, Qf denotes the load for indentation, and b
represents the contact length of the ﬂank surface in the
cutting direction. Considering the difference between
indentation tests and drilling processes, the relation
between indentation strength and UCS can be written as
shown below
qu ¼ ki0 IS; ð18Þ
ki0 is the coefﬁcient.
Inversely, we can evaluate the feeding (indentation)
force Qf with the following equation:
Qf ¼
kitbzs
2pr
qu: ð19Þ
Therein, kit is a coefﬁcient. Furthermore, we have the
expression presented below
Pf ¼Qf tanfj ¼
kitbzs tanfj
2pr
qu; ð20Þ
here, Pf denotes the friction force resulting from the
indentation of the bit.
2.3. Cutting forces and drilling specific energy
We analyzed drilling processes by regarding one drilling
cycle, for convenience, as two steps: indentation and
cutting. However, it is more rational to regard the two
steps as occurring simultaneously when we consider the
maximum cutting force in actual drilling. The total
circumferential force P can be expressed as presented
below
P¼P1þP2þPf : ð21Þ
The total torque T is
T ¼
Z r2
r1
PrdrþTi; ð22Þ
where Ti is the torque generated from the idle running of a
drill, and where r1 and r2 are the inner and outer radii of
the bit.
Therefore, torque can be presented as the following
expression:
T ¼ kczquþkrbquþkf bzquþTi; ð23Þ
where
kc ¼
ðr22r21Þ
2ðnþ1Þ
ð1sinfiÞsinðbþfjÞ
1þcosðbþfiþfjÞ
;
kr ¼
ðr22r12Þ
2ðnþ1Þ
ð1sinfiÞsinbsinfj
1þcosðbþfiþfjÞ
;
kf ¼
kitstanfjðr2r1Þ
2p
are coefﬁcients depending on the bit shapes and the rock
properties. Eq. (23) shows that the total drilling torquecomprises four parts: cutting torque, friction torque on the
ﬂank surface of the bit, feeding (or indentation) torque,
and idle running torque. The ﬁrst term on the right is
the torque caused by cutting, which is proportional to the
cutting depth z, the penetration per revolution. The second
term results from the friction on the bit ﬂank surface when
the indentation process is not considered. The third term is
the torque attributable to the feeding motion (indentation),
proportional to the product of the cutting depth z and the
length of the virtual base b. The fourth term, Ti, is a
constant for a drill.
According to Eq. (23), the total torque consists of two
parts: effective torque and ineffective torque. Effective
torque is the sum of the ﬁrst term (cutting) and the third
(feeding). It is the necessary torque to form and remove
rock chips in the drilling processes. Effective torque Te can
be presented as the following expression:
Te¼
Z r2
r1
ðP1þPf Þrdr ð24Þ
The sum of the second term (friction) and the fourth
(idle running) is the ineffective torque, which is best
eliminated or reduced.
Teale (1965) proposed a concept naming speciﬁc energy,
and found that the UCS of rocks is comparable to the
minimum speciﬁc energy. Other researchers also veriﬁed
the relation between speciﬁc energy and rock strengths
(Li et al., 2009; Hoberock and Bratcher, 1996; Balci et al.,
2004; Tiryaki and Dikmen, 2006; Basarir et al., 2008;
Scoble et al., 1989). Speciﬁc energy has been accepted as an
important parameter to evaluate rock properties.
According to Teale, the speciﬁc energy is deﬁned as the
amount of work necessary for the removal of a unit
volume of rock. The speciﬁc energy can be expressed as
shown below
Es ¼ F
A
þ 2pT
Az
: ð25Þ
Therein, Es denotes the speciﬁc energy, F is the thrust, T
is the torque, and A is the effective cross-sectional area of
the hole. Here, effective cross-sectional area means the area
of the circular loop formed by the outer and inner radii
of a bit.
Investigations showed that the value of the second term
is about 10–200 times greater than the ﬁrst in Eq. (25) (Li,
2011). Energy resulting from torque is the main part of the
drilling speciﬁc energy. Therefore, we have the following
when the energy resulting from thrust is neglected
Es¼ 2pT
Az
: ð26Þ
Inserting Eq. (23) into Eq. (26), we obtain
Es¼ 2p
A
krbquþTi
z
þkcquþkf bqu
 
: ð27Þ
This equation shows that the drilling speciﬁc energy Es
is inversely proportional to the cutting depth z.
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Ees¼ 2pTe
Az
: ð28Þ
Clearly, the relation between effective speciﬁc energy
and UCS can be expressed as the following equation:
Ees¼ 2p
A
ðkcquþkf bquÞ; ð29Þ
where Ees is the effective speciﬁc energy. The right-hand-side
of Eq. (29) does not include z, the cutting depth. It contains
only the effective part of the speciﬁc energy in the drilling
process: the speciﬁc energy consumed by cutting and feeding
and that by friction on the ﬂank surface and idle running were
removed. Therefore, effective speciﬁc energy is more reason-
able than total speciﬁc energy when evaluating the drilling
efﬁciency or predicting the UCS of rocks from drilling data.3. Laboratory and ﬁeld experiments
3.1. Laboratory experiments(1) Experimental equipment.
Several experiments were performed in our labora-
tory to verify the proposed model. An MWD system
was used for this research, as depicted in Fig. 6. The
hardware consists of a bench drilling machine, four
sensors to detect and record mechanical data (torque,
thrust, rotational speed and stroke), and a data-logger.
Signals from these sensors were ampliﬁed through an
ampliﬁer circuit and were shown and recorded on a
computer with a sampling time of 100 ms.
An application software was developed to analyze
the data recorded by this MWD. First, useless data
(idle running, ceasing, etc.) are removed, only drilling
data are retained. Second, time-serial data are con-
verted to depth-serial data at regular intervals. In this
step, the average values of data at 1 mm intervals wereDrill
POTENTIOMETER
TORQUE 
DETECTOR
TACHOMETER
LOAD CELL
BIT
AMPLIFIER
COMPUTER
SPECIMEN
BIT P
LOADCELL
Drill
Fig. 6. MWD in the laboratocalculated not only for the original data, i.e. torque,
thrust, rotational speed and stroke, but also for some
necessary derived parameters including torque/thrust,
bit penetration per revolution, and speciﬁc energy.
As portrayed in Fig. 7, a two-wing bit (outer
diameter 28 mm) was used in this research. To inves-
tigate the effects of bit wear, the bit blades were made
ﬂat-ended. The reshaped plane width was treated as the
contact length b. Four types of materials were chosen:
brick, gypsum, cement, and sulﬁde ore rock.(2) Relation between UCS and torque(penetration rate).
Eq. (23) shows the complex relation between torque,
rock properties, bit shape and wear, and penetrations
rate. Because the ﬁrst three items are proportional to
UCS, the slopes of the terms in penetration rate–torque
graph can be interpreted as rock types if the bit shape
and wear are constant. Several drilling tests were
conducted on materials of those four types to verify
the relation between UCS and torque. A new bit was
used to avoid the inﬂuence of bit wear. The rotary
speed was set in 580 r/min. Mechanical data were
recorded and analyzed according to the procedure
presented above. A penetration rate–torque graph
was created to show the results in Fig. 8. The slope
changes can be explained as the differences of UCS.
Table 2 shows data obtained from experiments using
a new bit. Each intercept in this table is ineffective
torque for the equivalent material. Ineffective torque is
also linear to UCS.(3) Inﬂuence of contact length b on torque.
The third term in Eq. (23) contains the product of b
and d, which means that the bit wear can also engender
some differences in the slopes, even for same rocks and
same bits. Fig. 9 shows different slopes when using the
same bit, but the wear degree of the bit blade was
changed intentionally (b¼0.1, 0.5, 1.0 mm). It veriﬁed
the inﬂuence of the contact length of the virtual base
on the drilling torque, just as shown in Eq. (23).DATA LOGGER
OTENTIONMETER
TACHOMETER
TORQUE 
SENSOR
PERSONAL
COMPUTER
MOTOR
USB MEMORY
ry experiments.
Fig. 7. Two-wing bit and its reshaping.
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Fig. 8. Relation between torque and penetration rate.
Table 2
Slopes and intercepts of the penetration rate–torque lines.
Material UCS (MPa) Slope Intercept
Gypsum 0.3 0.9087 0.037
Cement 6.5 7.7979 0.444
Brick 12 10.803 0.665
Sulﬁde ore 20 20.398 0.906
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Fig. 9. Contact length and penetration rate–torque relation.
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Fig. 10. Speciﬁc energy and effective speciﬁc energy (laboratory experiments).
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Speciﬁc energy is calculable using Eq. (26). The
effective speciﬁc energy must be calculated using the
effective torque. For each type of these materials, theeffective torque equals the result of subtracting the
intercept from the total torque.Fig. 10 shows a comparison between speciﬁc energy and
effective speciﬁc energy of drilling on the brick. Both
change with UCS. The speciﬁc energy is inversely propor-
tional to the penetration rate whereas effective speciﬁc
energy is independent from it. Other types of materials
show similar trends. Therefore, effective speciﬁc energy is a
better index for evaluating the UCS of rocks. This ﬁgure
also veriﬁed the correctness of the proposed model.
3.2. Field experiments(1) Experiment devices.
An MWD system developed by Itakura et al. (2008)
was modiﬁed to drill in the ﬁeld. The drilling machine was
a Trussmaster 1 P/N TRUSS001-1828. Table 3 shows the
speciﬁcations of this machine and the concept diagram of
this drilling machine is shown in Fig. 11. A photo taken
while drilling is shown in Fig. 12.
This drilling machine is provided with detachable wheels
for easy mobility. The stinger secures the machine during
drilling. Four sensors were used to detect the drilling data
including torque, thrust, rotational speed and stroke.
Tab
Perf
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Rev
Thru
Torq
Stro
Air
Heig
Air
Stinger 
Rod
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IS barrier ampliﬁer circuit. Then they were recorded on a
USB memory with a sampling time of 10 or 100 ms.
As was the case with the laboratory drilling system, the
software developed by Trussmaster can analyze the drilling
data and calculate necessary parameters including torque/
thrust, bit penetration per revolution, speciﬁc energy, and
effective speciﬁc energy. Additionally, the locations of
discontinuities, rock types, or UCS can be predicted using
the analyzed data. The predicted results are shown as a 2D
or 3D image of the geostructure using a VRML.(2) Effective speciﬁc energy and UCS.
A ﬁeld experiment was performed at the RTV road-
way of a coal mine, NSW, Australia (Fig. 13). In
addition to 2 boreholes (55-mm-diameter), 47 non-core
holes (27 mm, 28 mm, or 55-mm-diameter, 5 m length)
were drilled in the roof. Through the drilling processes
the drilling data––torque, thrust, rotational speed, and
stroke––were measured and recorded. Then the data
were analyzed and calculated.
The total drilling speciﬁc energy was calculated
according to Eq. (26). Fig. 14 shows the relation
between speciﬁc energy and penetration per revolutionle 3
ormance of the drilling machine (trussmaster).
Capacity Unit
olution 850–900 RPM
st 8.9 kN
ue 251 N m
ke 1.3 m
consumption 2832–3398 l/min
ht 1.8–2.8 m
pressure 689 kPa
Fig. 11. Concept diagram of Trussfor Hole No. 14 as an example. Its speciﬁc energy is
inversely proportional to the penetration per revolu-
tion in the ﬁeld experiments, just as it is in the
laboratory. However, the effective speciﬁc energy is
difﬁcult to calculate because ineffective torque is not
easily differentiated from total torque. Here we use themaster drilling system.
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Fig. 12. Trussmaster drilling machine.
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Fig. 13. Layout of the drill holes (plan view of RTV roadway).
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Fig. 14. Total and effective speciﬁc energy. The total one is inversely-
proportional to the penetration per revolution, whereas the effective one is
independent of it (ﬁeld experiments).
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Fig. 15. Proportional relation exists between the drilling speciﬁc energy
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4.
6
2.
9
0.
45
Fig. 16. Layout of the drill holes (plan view of Adit 20 roadway).
Z. Li, K. Itakura / Soils and Foundations 52 (2012) 216–227 225torque value corresponding to the minimum penetra-
tion per revolution. Fig. 14 also shows the effective
speciﬁc energy of the same hole. It is independent of
the penetration per revolution. Results for other holes
show similar trends, just as they do in the laboratory.
Therefore, effective speciﬁc energy is more reasonable
than the total energy when evaluating drilling efﬁciency
or predicting the UCS of rocks from ﬁeld-drilling
mechanical data.
To investigate the relationship between effective
speciﬁc energy and UCS, some core specimens were
taken from Core 1 (near No. 14 Hole) in the ﬁeld
experiment. In the laboratory, the specimens were
tested for measurement of UCS in accordance with
an established method for conﬁned compression tests
Z. Li, K. Itakura / Soils and Foundations 52 (2012) 216–227226for rocks (Japanese Geotechnical Society, 2000). The
proportional relation between the effective speciﬁc
energy and UCS is presented in Fig. 15. This result
veriﬁes the correctness of Eq. (29) and suggests a
method to predict UCS from effective speciﬁc energy
during drilling. When drilling with the same drilling
machines and the same type of bits, under the same
drilling conditions, the UCS of rocks can be predicted
by using the following regressive equation:
qu ¼ Ees: ð30Þ(3) Predicting UCS from effective speciﬁc energy.
To verify the correctness of the prediction method,
we analyzed the data obtained through another on-site
experiment, which was conducted at the Adit 20
Roadway, also in Gujarat No. 1 Coal Mine, Australia.
Fig. 16 depicts a detailed plan of this site. The type of
bits and drilling conditions were the same as those used
at the RTV Roadway. We selected a core hole (No. 32)0
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Fig. 17. Predicted and measured values of UCS.
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Fig. 18. Visualization of the predicted UCS ofand a non-core hole (No. 29) as the research objects.
The test for the UCS of rocks from the core was
performed. The mechanical data of No. 34 Hole were
analyzed, the effective speciﬁc energy was calculated,
and the UCS was evaluated according to Eq. (30).The relation between the measured values and predicted
values of the UCS is presented in Fig. 17. It is apparent
that, for most samples, the prediction is successful with an
acceptable accuracy. On the other hand, the prediction for
sample No. 8 was not good. A possible reason is that large
quantities of rock waste, water, and clay may have clogged
the drill bit, in effect increasing the speciﬁc energy
considerably even though the rock was soft.
At last, the predicted UCS was displayed in a virtual
space as shown in Fig. 18. This enables the operators
understand the 3D geostructure of the roadway intuitively.4. Conclusions
We developed an analytical model for rotary drilling by
using drag bits. In this model, a drilling process consisted
of successive cycles, each of which contains feeding and
cutting. Nishimatsu’s rock cutting theory was used to
analyze rock cutting with ﬂat bits. Feeding motion was
regarded as an indentation with a bit. This drilling model
for ﬂat bits integrates Nishimatsu’s rock cutting model
with Mateus’s indentation model.
For ﬁtting drilling processes, a virtual base at the ﬂank
surface is added to Nishimatsu’s model to represent bit
wear and friction at the bit ﬂank surface. The resistance
force resulting from the secondary crushed zone was
analyzed as acting on the virtual base of a bit.
Mateus’s indentation model shows that indentation
force is proportional to the product of the penetration
depth per revolution and the area of the virtual base, when
the UCS of the rock is constant. Therefore, a larger virtualNo.33
No.34 
No.35
the rocks along Adit 20 roadway.
Z. Li, K. Itakura / Soils and Foundations 52 (2012) 216–227 227base engenders greater energy consumption for intense
wear of a bit.
The total drilling torque is resolved into four parts
generated respectively from cutting, friction on the ﬂank
surface, feeding, and idle running. The cutting and feeding
torque, which are proportional to the penetration depth
per revolution, are the effective part of the total torque.
The effective speciﬁc energy is calculable using the effective
torque. Theoretical analyses showed that effective speciﬁc
energy does not vary with the penetration depth per
revolution if the UCS of a rock is constant. This engenders
a promising method for evaluating UCS of rocks from
effective speciﬁc energy.
Laboratory and ﬁeld experiments were conducted. They
veriﬁed the correctness of the proposed model. They also
veriﬁed that UCS of rocks can be evaluated from effective
speciﬁc energy with acceptable accuracy.
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